Kaposi's sarcoma-associated herpesvirus (KSHV) ] is the most frequent cause of malignancy among AIDS patients. KSHV and related herpesviruses have extensively pirated cellular cDNAs from the host genome, providing a unique opportunity to examine the range of viral mechanisms for controlling cell proliferation. Many of the viral regulatory homologs encode proteins that directly inhibit host adaptive and innate immunity. Other viral proteins target retinoblastoma protein and p53 control of tumor suppressor pathways, which also play key effector roles in intracellular immune responses. The immune evasion strategies employed by KSHV, by targeting tumor suppressor pathways activated during immune system signaling, may lead to inadvertent cell proliferation and tumorigenesis in susceptible hosts.
INTRODUCTION
The virus causing Kaposi's sarcoma (KS) has generated considerable scientific interest as a new human (h) tumor virus. Kaposi's sarcoma-associated herpesvirus (KSHV) [or human herpesvirus 8 (HHV-8)] is unique because of its extensive molecular piracy of critical cell regulatory genes. Functions for these genes can be deduced directly from their sequence, but in general the viral (v) proteins are modified to escape normal cellular regulation and hence behave differently from their cellular counterparts. Whereas KSHV initially appears to be unique among human tumor viruses, the opposite is actually the case because the regulatory circuits and control points targeted by KSHV are the same as those targeted by other tumor viruses. Examining the mechanisms that KSHV uses to induce cell proliferation can lead to unexpected insights into unrelated viruses and highlights important relationships between viral immune evasion and tumorigenesis.
CONSERVED AND UNIQUE GENE BLOCKS-Like other herpesviruses, KSHV is a large double-stranded DNA virus that replicates in the nucleus as a closed circular episome during latency but linearizes during virion packaging and replication. All identified KSHV transcripts are encoded on a continuous 145-kb long unique region. The long unique region is flanked by the 20-35 kb terminal repeat region composed of 801-bp high G+C content terminal repeat units (140) .
Over 80 genes have been identified in the long unique region, and new open reading frames (ORFs) are continuously described as small gene products, alternative reading frames, and alternative splicing patterns are being investigated (Figure 2 ).
KSHV shares structural and biological features with the human tumor virus EBV but possesses none of its latency genes involved in cell immortalization and transformation (140) . Although KSHV latency genes have no evolutionary homology to EBV latency genes, there is a clear genetic correspondence between the two viruses (116) . In general, cellular genes that are induced by EBV proteins have been captured and modified by KSHV during its evolution. This is not unexpected because both viruses use B lymphocytes as reservoirs during latency and face similar biological challenges in establishing persistent infections in a B cell environment. KSHV also infects endothelial cells, as occurs in KS tumors, and possibly monocytes and epithelial cells (at least in transit during initial infection).
The origin of the pirated cDNAs is unknown. No clear mechanism has been shown which incorporates cellular cDNAs into the viral genomes of not only KSHV and related rhadinoviruses, but also other viruses including poxviruses, which also have extensively captured cellular cDNAs.
KSHV GENE EXPRESSION-KSHV gene expression depends on a variety of factors
including whether the virus is latent or lytic, the type of host cell infected, and the host cell environment. When induced into lytic replication, the virus genome replicates through a rolling circle mechanism with individual viral genomes being cleaved in the terminal repeat region and packaged as linear molecules into viral capsids.
A salient feature of the genome reveals itself when the functions and expression patterns of the genes are examined: Structural genes and highly conserved genes involved in lytic replication tend to cluster in islands separated by novel genes, including many of the cDNA homologs of cellular regulatory genes (144) . When KSHV enters lytic replication, the clusters of lytic replication genes are induced in an orderly cascade. As shown by Sun et al. and Zhu et al. (161, 179) , the progression of lytic gene activation follows an ordered pattern similar to that of other herpesviruses. Unique gene clusters have more complicated expression patterns, and many genes are expressed at low levels during latency but are induced during lytic replication, a pattern referred to as class II transcription, distinguishing it from constitutive (class I) or lytic (class III) expression (144) .
Differentiating gene expression during lytic and latent replication has been useful for classifying KSHV genes, but it is evident that mutually exclusive latent and lytic gene categories are too simplistic to adequately describe the biology of KSHV. For example, ORF K10.5 [latency-associated nuclear antigen (LANA2)] is only constitutive in hematopoietic cells but not in KS tumors (138) , and even the constitutive genes encoding vFLIP (FLICEinhibitory protein), vCYC (cyclin), and LANA1 at the major latency locus are expressed in a G1/S cell cycle-dependent pattern (147) . vIL-6 is induced during lytic replication (114) but is also activated by interferon (IFN) signaling independent of replication cycle (22) . Phorbol ester treatment may directly activate some genes, such as ORF K5 [modulators of immune response (MIR2)] (128), further complicating whether these viral genes are solely activated during lytic replication. Two genes, ORF K12 (kaposin) and ORF K7 (PAN, polyadenylated nuclear RNA), which are highly expressed and commonly used as markers for latent and lytic virus replication, respectively, are induced during lytic replication in PEL cells (141, 144) . This complexity is not unexpected because KSHV is a large virus with the capacity to respond in complex ways to its cellular environment.
One rationale for classifying viral genes into latent and lytic replication categories is that latency is generally assumed to be the state leading to cell proliferation because lytic replication results in cell death and is therefore antitumorigenic. Even this assumption, however, is increasingly being called into question and does not apply to all types of virusinduced proliferation. The viralGprotein-coupled receptor (ORF74), for example, has transcriptional kinetics resembling that of an early lytic gene (27, 83) , but evidence suggests that it may play an important paracrine role in KS pathogenesis (2, 177) . In contrast, latent KSHV gene expression together with host cell mutations leads to PEL cell transformation and monoclonal proliferation.
Examining viral gene expression directly in tumors is necessary to determine genes likely to be involved in disease pathogenesis. This has been undertaken for a number of different viral proteins using antibodies and in situ hybridization (27, 75, 76, 131, 132, 138, 157, 160, 174) . These studies show that the three major proliferative syndromes associated with KSHV have different virus expression programs that contribute to the tumor phenotype.
To better understand the roles that pirated genes play in the biology of KSHV, they are discussed under the broad categories of immune evasion, apoptosis inhibition, and regulation of the cell cycle. These are artificial divisions and some KSHV proteins, such as vIL-6, have roles in all three biologic functions. The overlap between these areas reflects not only the incomplete information on viral protein functions, but also the interconnected nature of these broad areas of cell biology.
FUNCTIONS OF KSHV HOMOLOG GENES Immune Evasion by KSHV Immunomodulatory Proteins
Active viral infections rely on highly efficient replication to outpace the development of an effective adaptive immune response. Viruses causing chronic infections must instead evade innate immunity as well as adaptive immune responses so infection can be immediately established to maintain long-term infection. Latency itself, in which nonessential viral protein expression is repressed to limit foreign antigen presentation, is a fundamental viral immune evasion strategy. KSHV employs a broad repertoire of immune evasion proteins during both latency and lytic replication-perhaps more than any other virus described to date (Table 1) (Figure 3 ). Although individual mechanisms may be unique to KSHV and related viruses, a wide range of viruses employ similar strategies.
ADAPTIVE IMMUNE EVASION STRATEGIES: THE MIR PROTEINS, vFLIP, AND
VIRAL CHEMOKINES-Viral antigen processing and presentation through major histocom-patibility complex (MHC) I is a critical step in initiating an effective antiviral cellmediated immune response. Burgert et al. (16) first identified viral inhibition of MHC I function by adenovirus E3 protein, and Ploegh and colleagues have elegantly described mechanisms to prevent antigen presentation for herpes simplex virus, cytomegalovirus (CMV), and other viruses [for review see (166) ]. Building on this work, Coscoy & Ganem (30) systematically tested each unique KSHV K protein for the ability to downregulate MHC I cell surface expression. Two transmembrane proteins, MIR1 and MIR2, encoded by ORFs K3 and K5, respectively, efficiently inhibit MHC I surface expression through a novel mechanism not found in other viruses. These results were quickly confirmed and extended by others (72, 158) .
MIR1 and MIR2 remove MHC I from the plasma membrane through enhanced endocytosis, which results in lysosomal targeting and degradation of MHC molecules (30) . The endocytic, lysosomal trafficking and protein targeting functions of MIR1 and MIR2 are genetically separable and have been examined through domain swapping studies (110, 142) . MIR1 and MIR2 possess N-terminal C 4 HC 3 zinc-finger domains, called plant homeodomain motifs, that are characteristic for a class of E3 ubiquitin ligases (32) , and ubiquitinate plasma membrane-bound MHC I resulting in its endocytosis. While protein ubiquitination generally results in proteosomal degradation, it also serves to signal for protein trafficking. The K3 homolog of the mouse gammaherpesvirus MHV68 possesses a similar MHC ubiquitination function but prevents egress of MHC from the endoplasmic reticulum (103) . MIR2 ubiquitinates and downregulates the accessory immune receptors ICAM-1 and B7.2 in addition to MHC I (31, 71) . A newly recognized family of cellular and viral MIR1/2-like proteins exist, whose functions are beginning to be explored. For example, a poxvirus homolog of K3 has been described to ubiquitinate and downregulate surface expression of CD4 (49, 107) . Downregulation of MHC I and its accessory immune receptors poses the risk of initiating a natural killer (NK) cell response (122) . NK cells interrogate cells for MHC I expression and initiate receptor-activated apoptosis through Fas (CD95/Apo-1) in cells lacking appropriate MHC I expression. Human and murine CMVs avoid this by presenting virus-encoded MHClike molecules to thwart NK cell recognition (166) . KSHV and related gammaherpesviruses inhibit NK-mediated killing through expression of v-FLICE-inhibitory proteins (vFLIPs) (165) .
KSHV vFLIP encoded by ORF K13 (ORF71) possesses two death effector domains and acts as a dominant-negative inhibitor of receptor-activated apoptosis by binding to Fasassociated death domain protein and caspase 8 (FLICE) (6) . This prevents activated caspase recruitment into the death-inducing signaling complex [reviewed in detail elsewhere (87) ]. The discovery of vFLIPs in gammaherpesviruses and poxviruses by database searches for death effector domain containing proteins (9, 68, 165) led to the subsequent discovery of cellular FLIPs existing in multiple splice forms (cFLIP L and cFLIP s ) that have similar functions (87) .
Because of its constitutive expression and role in inhibiting receptor-mediated apoptosis, vFLIP is a candidate contributor to KSHV-induced cell transformation and tumorigenesis. Transduction studies using vFLIP show that it enhances tumorigenicity of mouse B lymphoma cells in immunocompetent mice strains (38) . KSHV vFLIP shares with cFLIPs the ability to activate NF-κB through IκB kinase activation, which may also contribute to B cell proliferation (23, 77, 102) . NF-κB is a pro-proliferative transcription factor for most B cell tumors, and use of specific NF-κB inhibitors induces apoptosis in PEL cell lines (80) . vFLIP is expressed constitutively on two latent transcripts (LT1 and LT2) as a bi-or tricistronic message translated from an internal ribosomal entry site (IRES) located in the 3′ region of the vCYC gene ORF72 (11, 60, 104) . IRES-regulated translation of cellular antiapoptotic transcripts maintains cap-independent translation during cellular stress (63, 67) .
Recruitment of helper T cell subtype 2 (Th2) rather than Th1 CD4+ lymphocytes to the site of infection polarizes immune responses toward an antibody-predominant Th2 immune reaction (119) . KSHV inhibits effective cell-mediated immune responses through secretion of virus-encoded chemoattractant cytokines (chemokines) to enhance Th2 polarization. Patients with active KS can have antibody titers against LANA1 exceeding 1:100,000, indicating that specific antibody responses are robust but ineffectual in clearing infection (53, 153) . KSHV encodes three secreted chemokines, vCCL1 (ORF K6), vCCL2 (ORF K4), and vCCL3 (ORF K4.1), formerly known as vMIP-I/MIP-1a, vMIP-II/MIP-1b, and vMIP-III/BCK, respectively, that act on receptors involved in Th2 chemotactic immune responses.
All three chemokines have dicysteine motifs but have different receptor specificities. vCCL2 initiates a strong chemotactic response through CCR3 activation (12) , while vCCL1 and vCCL3 activate CCR8 (35, 43) and CCR4 receptors (159), respectively. Unlike cellular chemokines, the viral chemokines have broad antagonistic activities for CC and CXC receptors to inhibit chemotaxis of Th1 and NK lymphocytes (12, 24) . Weber et al. (173) demonstrated that vCCL2 effectively blocks RANTES-mediated chemotaxis of Th1-like lymphocytes and initiates firm arrest of cells on human microvascular endothelium under flow conditions (173) . The immune-inhibiting properties of vCCL2 were also demonstrated by experiments in which mismatched cardiac allograft survival was increased, and CTL infiltration diminished, by viral chemokine expression in rodents (36) . Furthermore, administration of vCCL2 inhibits fractalkine-mediated inflammatory glomerulonephritis in a mouse model (24) . While vCCL1 and vCCL2 expression is generally limited to lytic replication, vCCL3 is found in KS tumors and may contribute to its pathogenesis (159) . The KSHV chemokines are pro-proliferative for some cell types and induce neoangiogenesis, in part through induction of vascular endothelial growth factor (12, 101, 159) . Chemokines and cytokines encoded by EBV, CMV, murine CMV, and poxviruses also have Th2 activity, which suggests that this is a common viral strategy for blunting adaptive immune responses (119) .
KSHV encodes a neural cell adhesion molecule (NCAM)-like adhesin (ORF K14, vOX-2/ vAdh) homologous to CD200 (OX-2) that promotes Th2 polarization and/or foreign antigen presentation (58, 66) . Initial studies suggest, however, that it activates rather than inhibits inflammatory macrophage responses (29) . Homologs of this protein are found among poxviruses as well. 
INNATE IMMUNE EVASION STRATEGIES

Complement control and the B cell receptor:
The KSHV ORF4 encodes a protein designated KSHV complement control protein (KCP), which has homology to human complement regulators (140) . In addition to an unspliced, full-length mRNA of 1679 bp, at least two alternatively, internally spliced transcripts have also been described that are translated into 175-, 82-, and 62-kDa proteins detectable only in induced KSHV-infected PEL cell cultures. These three proteins retain C-terminal transmembrane domains and four N-terminal complement control protein SUSHI domains required for membrane attachment and complement regulation, respectively. Stable expression in cells exposed to human serum shows that all three KCP isoforms regulate complement activation by inhibiting C3 deposition on the cell surface (156) . Some viruses including poxviruses and other members of herpesvirus family (HVS and MHV-68) have developed similar strategies to circumvent the complement component of the host immune response, which plays an important role in limiting virus infection (74) . Other viruses including HCMV, HIV, and human T cell lymphotropic virus (HTLV)-1 upregulate host cell surface expression of complement regulators or acquire these proteins in their envelopes on egress from the cell.
The BCR, interacting with the complement-binding proteins CD19 and CD21, regulates B cell development and response to antigen. ORF K1 encodes a small transmembrane, immunoglobulin-like, glycoprotein called KIS (K ITAM-signaling), which possesses a cytoplasmic immunoreceptor tyrosine activation motif (ITAM) similar to that of the BCR (57) . The KIS protein ITAM is tyrosine-phosphorylated in situ, allowing recruitment of SH2 domain proteins, Syk pathway activation, and intracellular calcium mobilization (88, 92) . Jung and colleagues found that overexpression of KIS causes transformation of Rat-1 fibroblasts and that when KIS is substituted for the STP oncogene in recombinant HVS virus, it can immortalize primary T lymphocytes and induce lymphomas in marmoset monkeys (93) . KIS protein resembles the BCR signal transduction subunits Igα and Igβ in its ability to induce signaling and to interact with mu chains of the BCR. However, unlike Igα and Igβ, which interact with mu chains to direct BCR complexes to the cell surface, KIS interacts with mu chains to block the intracellular transport of BCR complexes to the cell surface (90) . 
ANTAGONISM OF INTERFERON RECEPTOR SIGNALING BY vIL-6
KSHV has evolved a complex mechanism for IFN-α receptor inhibition involving autocrine signaling through the virus-encoded IL-6 cytokine. IL-6 is mitogenic for B cells and is involved in orchestrating Th2-type inflammatory responses (168, 169) . vIL-6 is 26% identical to cellular IL-6, and extensive analyses demonstrate that it has nearly identical signaling patterns (15, 64, 114, 124, 130) . Both cytokines activate STAT1 and STAT3 phosphorylation, as well as additional IL-6 response pathways involving MAP-kinase and other serine/threonine kinases (130) . vIL-6 substitutes for hIL-6 in maintaining cell proliferation of mouse and human B cell lines dependent on IL-6 signaling (15, 114, 124) .
vIL-6 expression is limited to a subpopulation of cells in KSHV-associated hematolymphoid disorders ( Figure 1D ). In MCD, vIL-6 is primarily localized to scattered B cells in the mantle zone, and the bulk of each tumor is caused by vIL-6-induced proliferation of uninfected B cells. vIL-6 expression is also common in PEL tumors and PEL cell lines (14, 131) , where it is expressed in a portion of cells through two alternative transcripts that are differentially regulated (37) . Studies of PEL cell lines demonstrate that they are autocrine dependent (xenocrine-dependence) on vIL-6, together with hIL-10, but not on hIL-6 (73).
Despite similarities, hIL-6 and vIL-6 differ in their receptor engagement and utilization. hIL-6 signals at the plasma membrane by first binding gp80 (IL-6Rα), which complexes to gp130, the molecule responsible for signal transduction across the membrane, at its cytokine -homology-binding region composed of domains 1 and 2 (D1D2). Subsequent recruitment of gp130 D3 domain fully activates gp130 dimerization and transmembrane signaling. Crystallographic studies reveal that vIL-6 directly interacts with D1D2D3 epitopes through hydrophobic interactions to activate gp130 in the absence of the IL-6Rα receptor (28) . This provides structural evidence supporting the experimental finding (112) that vIL-6 directly activates gp130 independent of gp80.
Autocrine-dependence of PEL cells on vIL-6 but not hIL-6 led Chatterjee et al. to examine the effects of vIL-6 on IFN-α signaling because IFN-α induces cell arrest through induction of the p21 CIP cyclin-dependent kinase inhibitor (22) (Figure 4 ). Cell cycle arrest by IFN is an effective and reversible means to establish an antiviral state by limiting nucleic acid precursors available to the virus. vIL-6 inhibits Tyk2 and STAT2 phosphorylation by IFN-αR, effectively blocking downstream signaling (M. Chatterjee, P.S. Moore & Y. Chang, unpublished observation) and IFN induction of p21 CIP . The vIL-6 promoter itself possesses IFN-stimulated response element sequences inducible by IFN-α, providing a novel negative feedback mechanism in which the virus senses and regulates IFN signaling. hIL-6 cannot reproduce this effect because IFN-α downregulates surface expression of IL-6Rα receptor, preventing gp130 signal transduction. Because vIL-6 interacts directly with gp130, it bypasses this regulatory mechanism, making PEL cell lines autocrine dependent on this virus-derived cytokine. This strategy blocks IFN from inducing an antiviral cellular state but at the price of increased cell proliferation for infected and nearby uninfected B cells.
INHIBITION OF INTERFERON ACTIVATION AND TRANSCRIPTION
KSHV also interferes with initiation and continued transcription of the IFN response. Yeast two-hybrid screening of ORF45 protein, a protein with an immediate-early expression pattern (179) , revealed binding to cellular IRF7 and blocking of its phosphorylation after virus infection (180) . This prevents translocation of this transcription factor to the nucleus, an effect previously seen with the poxvirus E3L protein (154) . The significance of IRF7 inhibition is that IRF7, together with IRF3, initiates an IFN response against viral infection by activation of IFN gene promoters (3). Once IFN secretion begins, it further activates its own promoter through induction of the positive IFN transcription factor IRF1 [for review, see (163) ]. KSHV vIRF1, encoded by ORF K9 with homology to the IRF family of proteins, performs a function similar to that of the ORF45 protein but does so through direct inhibition of IFNinduced transcription. vIRF1 lacks the complete cellular IRF DNA-binding motif and does not directly bind IFN-stimulated response element; instead, it interacts with cellular IRF3, which provides promoter specificity for this repressor protein (99) . vIRF1 prevents IRF3 recruitment of p300 and CBP (CREB-binding protein) histone acetyltransferase coactivators into the IFN transcriptional complex (94, 172) . Sequestration of p300/CBP by vIRF1 is the presumed mechanism for its broad inhibition of both class I and class II IFN transcription (46, 52, 95, 181) , which is similar to the IFN inhibition reported for the adenovirus E1A protein (10) . The effect of vIRF1 on histone acetylation is profound, producing global chromatin condensation that can be measured by differential staining with DNA intercalating dyes (94) . vIRF1 acts as a transactivator (139), as well as a repressor protein, and has been shown by Li et al. (95) to induce the vIL-6 gene. When vIRF1 is expressed in NIH3T3 fibroblasts, it causes full cell transformation similar to that of the IRF2 repressor protein (52) . Two related proteins, vIRF2 (ORF K11.1) and LANA2 (ORF K10.5), are encoded by spliced genes that probably arose from gene duplication of vIRF1 and have low homology to the cellular IRFs. vIRF2 is expressed at low levels constitutively in PEL cell lines and activates genes possessing multimeric NF-κB elements (94) . Preliminary evidence suggests that it binds and inactivates dsRNA-activated protein kinase (PKR), thereby preventing initial activation of IFN through this pathway (17) .
The repertoire of KSHV immune inhibitory proteins is at first glance bewildering. But the proteins are expressed in different viral stages and cell types and hence may have specialized functions. vIRF1, for example, is primarily expressed in KS tumor, but not in PELs. Other proteins, such as vFLIP and vIL-6, may act constitutively in tumors and are likely to play a critical role in tumorigenesis. More importantly, these viral defenses against the host immune system illustrate the overlapping nature of immune evasion and cell transformation ( Figure 5 ).
The Antiapoptotic Proteins: vBCL-2, vIAP, LANA1, LANA2, and vIRF1
It is now widely accepted that a cellular response limiting viral infections includes apoptosis (8, 111, 115) , although programmed cell death is not universal for all viruses and some viruses may capitalize on cell dissolution during apoptosis to enhance replication (164) . The importance of apoptosis regulation to the virus can be seen by the variety of KSHV factors inhibiting this process ( Table 2 ). KSHV encodes proteins targeting downstream apoptotic signaling at the mitochondria, such as vBCL-2 and viral inhibitor of apoptosis protein (vIAP), as well as upstream p53 apoptotic signaling through proteins such as vIRF, LANA1, and LANA2. Inhibition of receptor-mediated apoptosis by vFLIP has already been described and future studies may more clearly link the remaining antiapoptotic proteins to immune evasion functions.
INHIBITION OF MITOCHONDRIAL APOPTOTIC SIGNALING-KSHV like many
other DNA viruses (34) encodes a homolog to the cellular BCL-2 antiapoptotic protein (146) . BCL-2 family proteins have both pro-and antiapoptotic functions determined in part by their ability to heterodimerize and regulate release of mitochondrial apoptotic components. vBCL-2 encoded by ORF16 was the first KSHV protein to be investigated for its apoptosis-inhibitory properties (25, 146) and possesses BCL-2 homology (BH)1 and BH2 domains characteristic for this family of proteins. Although no sequence similarity to BH3 and BH4 domains involved in heterodimerization and antiapoptotic functions are present in vBCL-2, solution structure studies reveal strong structural similarities to these domains (69), allowing the viral protein to tightly bind proapoptotic Bak and Bax peptides, as suggested through two-hybrid heterodimerization studies (146) . Whereas cellular BCL-2 can be cleaved by caspase proteolysis and converted to a proapoptotic version, KSHV vBCL-2 lacks this cleavage site and escapes cellular regulation (7). vBCL-2 in PEL cell culture is primarily expressed as an early gene during lytic replication (146, 161) and allows optimal virion production (34, 117, 145) . Immunostaining of KS tissues shows vBCL-2 production in a minority of infected spindle cells of advanced nodular lesions consistent with a role primarily in delaying lytic apoptosis (174) . Functionally, however, it can inhibit apoptosis owing to latent vCYC-CDK6 complex overexpression, whereas cellular BCL-2 is phosphorylated and inactivated by vCYC-CDK6 (126) . Despite its presumed lytic expression pattern, studies from a related murine gammaherpesvirus suggest that vBCL-2 plays a critical role in maintaining chronic viral infection (51).
Another recently described KSHV antiapoptotic factor acting at the mitochondrial membrane is the vIAP encoded by ORF K7, which has structural similarity to cellular survivin protein (45, 171) . vIAP, like vBCL-2, is a glycoprotein that localizes to mitochondria and possesses a BH2 domain (171) . Mitochondrial membrane permeabilization, Ca +2 depolarization, and release of cytochrome C are early events in the activation of apoptotic caspase cascades. vIAP appears to stabilize Ca +2 mitochondrial flux during cell stress, in part by binding to the calcium-modulating cyclophilin ligand, and can inhibit apoptosis caused by a variety of agents, including Fas, thapsigargin, and staurosporine (45) .
INHIBITION OF p53-MEDIATED APOPTOSIS-p53
, a transcriptional regulator of cell cycle arrest and apoptosis, is a second major target of antiapoptotic KSHV proteins. LANA1, the large multifunctional protein encoded by ORF73 (78, 136) first identified as a serologic antigen expressed constitutively in all infected cells (118) , was subsequently shown by Friborg et al. (48) to bind p53. LANA1 efficiently inhibits p53 activation of a promoter containing the multimerized p53 element from the p21 CIP promoter and prevents apoptosis owing to p53 overexpression, whereas a truncated mutant possessing only the first 440 amino acids has no activity. Transcribed at low abundance together with vCYC and vFLIP mRNAs, LANA1 protein is highly stable and is easy to identify on immunostaining by its characteristic speckled, nuclear pattern (53, 79) . In interphase nuclei, LANA1 associates with heterochromatin through an amino-terminal region (98) and directly interacts with chromatin and methylated DNA-binding proteins, including histone H1 and MeCP1 (33, 85) .
The mechanism and consequences of p53-LANA1 interaction have not been fully examined. It is an attractive candidate oncoprotein because it may antagonize vCYC-induced apoptosis during viral latency. LANA1 has broad transcriptional repressor activity (54, 86, 149) and acts on cell cycle regulation as well as on p53. A second latency-expressed nuclear antigen, LANA2, is expressed as a spliced transcript from ORF K10.5 (44, 138) . Less is known about the properties of LANA2, although it has sequence similarity to cellular IRF4 and is expressed only in infected B cells. Like LANA1, LANA2 inhibits p53-mediated transcription and apoptosis, but direct binding to p53 has not been found.
The IRF homolog vIRF1, in addition to its IFN-inhibiting properties, binds and inactivates p53 (120, 151) . This effect may in part be mediated by sequestration of p300, which is a p53 transcription coactivator and a p53 acetylator (61, 97, 150, 155) . vIRF1 effectively blocks apoptosis from DNA-damaging agents and Fas and fully transforms NIH3T3 cells to cause tumors in severe combined immunodeficiency (SCID) mice. Although the IFN-inhibition function of vIRF1 has also been reported to inhibit the transcription of FasL (82), it is unclear what significance this has for the virus because it does not generally infect immune effector T cells. Other KSHV proteins, such as the highly spliced transmembrane K15 protein (55) , may also regulate apoptotic responses but are in early stages of investigation (152) .
Regulation of the Cell Cycle: vCYC, LANA1, and K-bZIP/RAP
A third cellular function targeted by KSHV regulatory proteins is control of the cell cycle (Table 3 ) (Figure 6 ). The retinoblastoma protein pRB acts at the G1/S cell cycle checkpoint to prevent unscheduled entry into S phase. Acting as a transcriptional repressor, pRB inactivates E2F transcription factors and complexes with E2F to bind E2F-responsive promoter elements in promoters for genes involved in DNA synthesis and chromosomal replication (167) . Histone deacety lase and methyl-transferase recruitment by pRB shuts off transcription of E2F-responsive genes. pRB itself is regulated and phosphorylated by cyclins that complex with CDKs.
Small DNA tumor viruses possess proteins that directly inhibit pRB by binding to the pRB HDAC-interaction domain through LXCXE-containing motifs (91) . The KSHV vCYC protein achieves a similar effect, but does so by mimicking the action of cellular D-type cyclins, which act at the G1/S transition to phosphorylate and inactivate pRB by partnering with CDK4 and 6 (21, 56, 96) . The cellular cyclin-CDK complex itself is activated by a cyclin-activating kinase and inhibited by cyclin-dependent kinase inhibitors (CDKIs),including p21 CIP and p27 KIP . vCYC complexes with only CDK6 and is resistant to inactivation by CDKIs (162) either through structural features to prevent CDKI binding (148) or, in the case of p27 KIP , by phosphorylating and inactivating p27 KIP (42, 106) .
Although vCYC functions as a D cyclin that escapes cell regulatory control, it has a broader range of substrates than D cyclins do. Similar to cyclin A or E-CDK2 complexes, vCYC and CDK6 phosphorylate histone H1 and ORC1, triggering DNA synthesis in isolated late G1-phase nuclei (89) .
Although vCYC dysregulates the pRB G1/S tumor suppressor checkpoint, direct evidence of vCYC playing a role in cell transformation has been scant until recently. This is in part due to apoptosis resulting from vCYC overexpression in cell lines (125, 126) . Activation of E2F after pRB inhibition results in induction of the p14ARF tumor suppressor (p19ARF in the mouse), which in turn increases p53 stability through inhibition of its E3 ubiquitin ligase, MDM2 (5). This feedback control to induce apoptosis serves as a check to prevent tumor formation in the event of isolated loss of pRB function. PEL cell lines are frequently null for p16INK4a, suggesting a possible role in resistance to KSHV-induced apoptosis (133) .
Using primary cell lines, Verschuren et al. (170) unexpectedly found that vCYC induces p53-dependent apoptosis that is independent of E2F or p14ARF. Instead, apoptosis occurs from unscheduled DNA synthesis without cytokinesis. When transgenic mice expressing vCYC under control of a B cell promoter were crossed with p53-null mice, all animals developed B cell lymphomas. In addition to vCYC, LANA1 also binds pRB in the pocket region and together with H-Ras can transform rodent embryonic fibroblasts (135) . Thus, like SV40 T antigen, LANA1 targets both pRB and p53 checkpoints and serves as a viral episome maintenance protein.
KSHV affects cell cycle regulation through mitogenic pathways as well. Viral G proteincoupled receptor encoded by ORF74 is a constitutively active CXC receptor expressed during lytic replication (27, 83) . It activates MAPK, p38, Akt, and NF-κB pathways, resulting in expression of angiogenic factors, such as VEGF, and in cell transformation (2, 18, 108, 113, 134) . Another interesting mechanism for KSHV-induced mitogenesis occurs during virus binding to cells. The gB virion glycoprotein expressed on the KSHV envelope binds α 3β1 integrin as the KSHV receptor through an RGD-containing peptide (1). Virus cross-linking of α 3β1 results in activation of focal adhesion kinase and of the MEK-ERK pathway through PI3-kinase and protein kinase C activation (121) . It is postulated that mitogenic signaling by KSHV generates a suitable intracellular environment for maintaining virus infection.
One KSHV cell cycle regulator has activity opposing that mentioned for the previous KSHV proteins. The ORF K8 gene product, called K-bZIP or RAP (replication associated protein), is homologous to the EBV transactivator BZLF1 protein (59, 100) . Unlike its EBV counterpart, K-bZIP/RAP is not the primary activator of lytic virus replication but instead acts to inhibit cell cycle progression by inducing p21 CIP through CCAAT/enhancer-binding protein(C/EBP)-α (176), a finding which has been replicated for the EBV BZLF1 protein as well (175) . This may activate the G2/M checkpoint during lytic replication to prevent mitosis, thereby "fixing" the cell at a point in the cell cycle to maximize viral DNA synthesis.
KSHV AS A MODEL TUMOR VIRUS: MOLECULAR PIRACY OF CELLULAR REGULATORY GENES AND IMMUNE EVASION
Ease in identifying and characterizing potential KSHV oncoproteins has made the rapid development of KSHV as a tumor virus model possible. Studies examining KSHV-induced cell proliferation have already generated insights into novel mechanisms applicable to other tumor viruses. This is particularly true for mechanisms inhibiting both innate immune and tumor suppressor signaling pathways (115) .
Much of what is currently known about viral carcinogenesis is derived from studies of small DNA viruses and acutely transforming retroviruses. In general, tumor viruses do not cause tumors as part of their natural life cycles: Viral carcinogenesis occurs in nonnative or immunocompromised hosts, or through adventitious host and viral mutagenesis. Nonetheless, viral oncogenes are highly conserved through convergent evolution, indicating their important roles in enhancing viral replication fitness. The presumed function of tumor virus oncogenes based on small tumor virus models is to inhibit G1/S checkpoints during lytic replication. This allows the virus to enhance available replication resources through illicit S phase entry to generate large amounts of viral DNA during lytic replication (123) . There is ample evidence for this, including data from KSHV.
An alternative explanation expands on the limited-resource hypothesis to include cellular responses to virus infection and is illustrated by the wealth of immune evasion genes encoded by KSHV (115) . The latent proteins LANA1, vFLIP, and vCYC inhibit tumor suppressor pathways and appear to contribute to the transformed PEL phenotype (21, 48, 135, 165, 170) . But there is little obvious need to overcome the G1/S checkpoint or inhibit apoptosis during latency because the viral episome replicates in tandem with the cell. If the cell senses latent viral infection and activates G1/S checkpoint arrest and apoptotic programs, then there would be a clear benefit to the virus in inhibiting these innate immune mechanisms.
This assumes that there is activation of tumor suppressor checkpoints during innate immunity, which increasing evidence suggests is the case. Unicellular yeast possess programmed death routines, presumably to limit colony viral infections (47) , providing evidence for a primordial innate immune system. Similarly, IFN causes cell cycle checkpoint activation and arrest in a wide variety of cell types (26, 62, 65, 143) . The overlap between KSHV proteins having immune evasion functions (e.g., KIS, vFLIP, vIRF1, and vIL-6) and the ability to transform cells or induce cell proliferation gives strong support for this notion. Other pro-proliferative proteins including vCYC, LANA1, vIAP, and vBCL-2 may also play a role in protecting the virus from host immune signaling.
Combining these ideas, one can speculate that cells sense lytic virus replication and respond to it by initiating tumor suppressor checkpoint activation. Lytic viral proteins inhibit this response by targeting tumor suppressor checkpoints and allowing virion replication. Obviously, this does not lead to cancers because the virus only postpones cellular apoptosis during lytic replication, helping to explain the presence of proto-oncogenes in nontumor viruses as diverse as baculovirus and CMV. What kind of cellular sensor can perform this function? An interesting possibility is the DNA-damage response, which activates p53-mediated apoptosis and cell cycle arrest. Linear viral chromosome replication occurring during lytic replication should trigger DNA-damage responses. In line with this, DNA damage activates phosphorylation of IRF3 (81, 178) , an initial signaling event for the IFN cascade. Similar mechanisms can be proposed for a latent episome-sensing function. Investigations of how cells initially sense and respond to viral infection will ultimately determine to what degree these hypothetical mechanisms are valid.
CONCLUSIONS
KSHV illustrates that viral immune evasion is intimately intertwined with viral oncogenesis. A large fraction of the nonstructural regulatory homologs encoded by KSHV induce cell proliferation but also target pathways leading to development of innate and adaptive immunity. Immune system and tumor suppressor signaling are only partially overlapping, and other viruses capable of persistent infection without tumorigenesis may have successfully evolved means of inhibiting immunity without abrogating tumor suppressor checkpoints. While the methods used by KSHV and related rhadinoviruses to target cell regulatory pathways are unique, the lessons learned from these viruses can be applied to understanding unrelated viruses, which face the challenge of infecting the hostile environment of the eukaryotic cell. The ~140-kb KSHV genome composed of a single long unique region with over 80 open reading frames (splice patterns not shown) flanked by G/C-rich terminal repeat units. Gene blocks containing well-conserved herpesviral genes (white) are separated by block of genes unique to KSHV and other rhadinoviruses (black). A full description of the KSHV genes is found in Reference 116. Gene names correspond to positional and sequence homologs found in HVS, which is the prototype rhadinovirus. Genes are numbered from left to right, from ORF4 to ORF75, with the first three homologs to HVS genes being absent or displaced from their corresponding positions in HVS. Genes unique to KSHV, including most of the cell regulatory homologs, are given a K prefix, e.g., ORF K1. Because several HVS genes are absent from the KSHV genome (e.g., ORF1), gene names are not necessarily consecutive. The range of immune regulatory pathways in a B cell inhibited by specific KSHV immune evasive proteins. KSHV proteins that have been experimentally shown to induce cell transformation and proliferation include KIS, vIL-6, vFLIP, and vIRF1. Autocrine mechanism of vIL-6 action to inhibit IFN-induced cell cycle arrest. The vIL-6 promoter is activated by IFN-α signaling, acting as a sensor of IFN signaling activity. vIL-6 directly activates the IL-6 gp130 signal transducer molecule, whereas hIL-6 requires gp80, but this is downregulated by IFN. Reprinted with permission (22) . Examples of immune activation of tumor suppressor checkpoints. Both cell cycle arrest and apoptosis can be initiated by immune recognition of a virus-infected cell. KSHV vIL-6, vIRF1, and vFLIP, which are putative oncogenes, inhibit these responses. vCYC inhibits the pRB G1/S checkpoint by cyclin-dependent kinase phosphorylation and induces apoptosis when overexpressed alone. vCYC is resistant to cellular cyclin-dependent kinase inhibitors and may also act at additional points in the cell cycle. vCYC-induced apoptosis is p53 dependent but does not occur through E2F-p14ARF activation. KSHV inhibitors of p53, such as LANA1 and LANA2, are potential candidates to prevent vCYCinduced apoptosis during latent virus infection. 
